ABSTRACT: Abundance and composition of tintinnid and phytoplankton species were followed in central Long Island Sound from August 1979 to October 1980. In all, 28 tintinnid species were observed; the greatest diversity occurred between September and April. Highest tintinnid concentrations occurred in summer, with concentrations of 103 or more individuals I-' observed only when nanophytoplankton concentrations equalled or exceeded 1.3 X 105 cells I-'. Although necessary, the occurrence of small food, alone, was not a sufficient condition for high tintinnid densities. Tintinnids in central Long Island Sound exhibited the same order of magnitude yearly community ingestion rates as did the copepods. The tintinnids were responsible for removing approximately 27 % of the annual primary production from thls region. It is concluded that tintinnids are a n integral part of the Long Island Sound plankton community, equal in importance to copepods.
INTRODUCTION
Considerable research has been carried out on the abundance and species composition of tintinnid protozoans in the world's oceans. Tintinnid abundance and composition have been recorded for the Okhotsk Sea (Hada, 1932) the Kuroshio water (Motoda and Marumo, 1963) and the Sea of Japan (Konovalova and Rogachenko, 1975) . Sorokin (1977) reported concentrations in the Sea of Japan approaching 15,000 1-'. For the Phillippine and Celebes Seas concentrations of 10 to 100 1 -I have been reported (Taniguchi, 1977) . Studies have also been carried out in the East Sea of the USSR (Strelkov, 1955) , the Black Sea (Morozovskaya, 1970) , and the Red Sea (Kimor and Golandsky, 1977; Kimor and Golandsky-Baras, 1981) . The Baltic area has been investigated by Hensen (1887) , Gillbricht (1954) and Halme (1958) , with Lohmann (1908) pointing out the apparent significance of certain micro-zooplankton in this area. Hedin (1976) reported concentrations of tintinnids for the Swedish west coast averaging 10 to 15 1 -l . Similar concentrations were found in the Arabian Sea (Zeitzschel, 1969) . The North ' 
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Atlantic Ocean (Zeitzschel, 1967) has also been studied with additional partial surveys carried out for the Northwest Atlantic Ocean (Fornshell, 1979) and North Sea (Lindley, 1975) . Concentrations of tintinnids in the California current of about 50 1-' were reported (Beers and Stewart, 1967) , with 40 to 200 1-' encountered in the eastern tropical Pacific Ocean (Beers and Stewart, 1971) . Beers et al. (1980) carried out additional research in southern California nearshore waters. Tintinnid concentrations as high as 18,000 1-' were reported for the southern California Bight (Heinbokel and Beers, 1979) . Concentrations of 100 to 1,000 individuals 1-' were observed in the Peruvian coastal waters . Tintinnid densities in the eastern Mediterranean Sea reaching 30,000 1-' were found by Vitiello (1964) , demonstrating the extremely high concentrations these organisms can reach in the field.
Until recently, little information on tintinnid composition and abundance could be found for the coastal regions of the eastern United States. Gold and Morales (1975) presented a qualitative analysis of the tintinnids of the New York Bight over a yearly cycle. Hargraves (1981) reported data on abundance and species composition over several months for Narragansett Bay, Rhode Island. While the data for the areas discussed above are important, little information on temporal variation can be found.
Theoretical calculations, based on numerical abundance data and assumptions concerning feeding rates of eastern tropical Pacific micro-zooplankton, suggest that at times these organisms may consume as much as 70 % of the daily phytoplankton organic carbon production (Beers and Stewart, 1971) . For Long Island Sound, Riley (1956) estimated that perhaps as much as 43 % of the net carbon fixed annually by photosynthesis may be removed by the micro-zooplankton and bacteria in the water column. Data of Capriulo and Carpenter (1980) for central Long Island Sound indicated that the micro-zooplankton (consisting predominantly of tintinnids) removed up to 41 % of the chlorophyll a standing crop per day and, at times, exhibited community ingestion rates equal to those of the copepod community. Heinbokel and Beers (1979) , using data from Heinbokel (1978a, b) , estimated that the tintinnids in the Southern California Bight were capable of ingesting approximately 4 % to 20 % of the daily primary production.
This paper is concerned with enhancement of the current understanding of tintinnid community structure in Long Island Sound. Abundance and species composition of tintinnids measured at a central Long Island Sound station from July 1979 through October 1980 are presented in relation to associated phytoplankton abundance and composition. These data, along with information on ingestion rates of field collected tintinnids feeding on natural food (Capriulo, 1982) and data on copepod abundance and feeding in Long Island Sound, are used to quantify and compare the grazing impact of these two important groups of herbivores.
MATERIALS AND METHODS
This study was conducted as part of a larger endeavor which included the measurement of ingestion rates of field-collected tintinnids feeding on natural food (Capriulo, 1982 ) and a comparison of the feeding activities of field-collected tintinnids and copepods fed identical natural food (Capriulo and Ninivaggi, 1982) . All sampling was carried out at a station in Long Island Sound (Station A, Fig. 1 ) in water 31 m deep. Water samples were collected from 1 and 5 m depths in 10 1 Niskin bottles and from the surface in plastic buckets. The temperature of all samples was recorded.
Particle-size/biomass distributions were determined by means of a Particle Data Inc.@ automated electronic counting system consisting of a high resolution 128 channel analyzer interfaced with a PDPB computer. Calibrated 190 and 380 pm orifice tubes were utilized and the resulting data sets blended. Some of the limitations imposed by the use of particle counters are discussed in Capriulo (1982) and Capriulo and Ninivaggi (1982) . Subsamples of the counted material were fixed with Lugol's solution and later analyzed microscopically to determine both phytoplankton and micro-zooplankton composition. For the phytoplankton, 15 m1 of 100 m1 subsamples were centrifuged for severaI hours, concentrating the cells in a final volume of 1 ml. The 1 m1 concentrate was introduced into a Sedgwick-Rafter cell and random strips were analyzed, at 500x magnification, to determine species composition and abundance. Counting error was estimated according to the method of Lund et al. (1958) . For the micro-zooplankton, 2.5 1 of sample were fixed, placed in graduated cylinders and allowed to settle for several days. The supernatant was removed by aspiration until a final volume of 100 m1 was achieved. Of this concentrated sample 25 to 50 m1 were centrifuged at lOOx 103 +15% +36% f 3 6 % f20% +31% t 4 0 % ?36% f27% ?49% +38OA +29% +46% +34% 245% ?30% 220% +27% ?18% +20% +40% +25% +30% gravity for about 2 h. Again the supernatant was drawn off until l m1 remained. The concentrate was then introduced into a Sedgwick-Rafter cell and analyzed as outlined above for the phytoplankton.
RESULTS

Tintinnid Species Abundance and Composition
Total tintinnid abundance in the upper 1 m of water at Station A, in central Long Island Sound, varied from 268 to 12600 I-' throughout the year,with 24 species in all having been encountered (Table 1 , Fig. 2 ). The highest concentrations (5500 to 12600 individuals 1 -l , for both years of this study occurred during July and August during the temperature maximum (Fig. 2) . Tintinnid composition on these occasions was completely dominated (96 % to 99 %) by the small tintinnid Tintinnopsis rninuta (13 pm wide and = 18 pm long). Ciliates other than tintinnids occasionally were predominant with highest concentrations ( = 6000 1 -l ) observed in May and June just prior to the surge in abundance of T. minuta in July (Fig. 2 , TabIe 1). In addition, rotifers, Fig. 2 . Profile of total tintinnid abundance (solid circles), total c~l i a t e abundance (solid triangles) and surface-water ternperature (solid squares) at Station A in Long Island Sound (August 1979 to October 1980 which did not preserve well and therefore could not be quantified, were found to be the dominant small grazers at times.
Phytoplankton Species Abundance and Composition
The seasonally shifting particle spectrum (Fig. 3) and corresponding phytoplankton species composition (Table 2) show the succession of both food size and type at Station A. The less than 10,um material for all sampling dates was composed predominantly of various monads (cryptomonads, calycomonads, chroomonads) and other small flagellates. Concentrations of phytoplankton varied from 8 X 104 cells 1-' to 4 X 106 cells 1-l. Phytoplankton succession followed a general pattern similar to that described by Conover (1956) for Long Island Sound. Diatoms were found through much of the year but attained their highest concentrations in January through April and again in September through October. Dinoflagellates peaked in June and persisted into August. The nanoplankton reached their highest concentrations from May through August with peaks also occurring in winter (Table 2) .
Correlation Between Tintinnid and Phytoplankton Abundance
Tintinnid density (Fig. 4) and size ( Fig. 5 ) were found to be unrelated to the size of the food material comprising the biomass peaks. Since food must first pass through the oral opening of a lorica before it is ingested, the oral diameter measurement (a conservative property of a tintinnid which varies little within a species) was used to represent size for this analysis.
Although there was some correlation between tintinnid density and phytoplankton density the relationship was weak both when tintinnid abundance was compared to the total concentration of phytoplankton (correlation coefficient r = .31) and when compared to concentration of 5 20 pm nanophytoplankton (correlation coefficient r = .20) (Fig. 6 ). Nanoplankton were present in variable concentration throughout most of the year (Table 2 ). Analysis of Tables 1 and 2 and Fig. 2 indicates that highest tintinnid concentrations always occurred when nanoplankton were present in high numbers ( 2 1.3 X 105 cells l-l; August 9, 1979, January 22, July 24 at l m depth, August 7 at l m depth, October 7 and October 17, 1980). However, equivalent concentrations of nanoplankton at other times were not accompanied by high tintinnid densities. The occurrence of small food alone, therefore, while necessary is not a sufficient condition for high tintinnid abundance. Analysis of Tables 1 and 2 indicates that the type of Phytoplankton species 2 8 % 2 1 8 % 5 2 2 % ~2 1 % 5 3 2 9 0 2 2 6 % 2 2 3 % f 3 2 % f 1 9 % 2 2 2 % 5 2 1 % 5 2 0 % ~2 0 % ~1 9 % ? 2 0 % 2 2 9 % 1 2 5 9 2 2 3 % + 2 2 % 2 2 2 % ~2 2 % 2 2 0 % 2 1 5 % 2 1 5 % 2 1 9 2 2 2 2 %
Prorocentrum redfreldr
Prorocentrum micans shows strong similarities. Similar patterns of occurtintinnids 1-l, is similar to that found in Narragansett rence were observed for Rhizosolenia delicatula, Bay (Hargraves, 1981 (Hargraves, 1981) and 34 species for the New York Bight (Gold and Morales, 1975) . The greatest species diversity for the New York Bight was found in October with high diversity, with the exception of December, occurring from late September through May. These findings are similar to those of this study where diversity was high between September and April. This contrasts with Hargrave's findings of highest diversity in summer (July and August) in Narragansett Bay. Tintinnopsis minuta was the dominant tintinnid in July and August for all 3 study areas. This species persisted through October and November, although in reduced numbers, for both Long Island Sound and Narragansett Bay, while being observed only through August in the New York Bight. Deevey (1956) . Ingestion rates assigned as described in text. A copepod abundance ( # m-3); I ingestion rate X 106 pm3 copepod-' d-'; V average daily ingestion rate X 101° pm3 by species for the appropriate season. Winter = December, January, February (90 d Narragansett Bay. Also, T. levigata was found in Long Island Sound and not in Narragansett Bay. Only 1 specimen of T. incurvata was observed and therefore the identification cannot be considered conclusive. Ptychocyles, Coxliella and Parundella are typical coastal forms and their absence from an estuary is not unusual. The boundaries between species are sometimes very ambiguous. Helicostomella subulata and H. fusiformis are considered by some to be synonymous (Hargraves, 1981) . In addition, T. beroidea, T. minuta, T. nana, T. parvula and T. rapa may be variations of the same species (Baker and Phaff, 1976) , as may be the case for T. lobiancoi, T. tubulosa, T. karajacensis and T. tubulosoides. Similar problems of identification are encountered in the genera Favella (Laval-Peuto, 1981) and Ptychocylis (Davis, 1981) . These problems in taxonomy may account for some of the differences in species lists from different areas. This study, along with those of Vitiello (1964) , Beers and Stewart (1967) , Heinbokel and Beers (1979) , Capriulo and Carpenter (1980) , Hargraves (1981) and Margalef (1982) , demonstrates that the concentrations of tintinnids found in the coastal zone are substantially higher than those reported for the open ocean. One reason for this difference may be cell sinking. The tintinnid lorica (particularly agglutinated types which have large amounts of attached nonbiogenic and biogenic particles; Gold and Morales, 1976) adds substantial weight to these organisms (Margalef, 1982) thus increasing their sinking rates (increased weight and associated sinking may represent a n evolutionary adaptation affording tintinnids a means of escape from predation, Capriulo et al., 1982) . It is possible that the high advective energy associated with coastal waters counteracts sinking to some extent by keeping tintinnids in suspension for longer periods of time than would be possible in less turbulent open ocean waters. In this way, tintinnids may survive better by remaining in the euphotic zone with the phytoplankton on which they feed. Since decreases in tintinnid abundance offshore are accompanied by decreases in phytoplankton concentrations (Beers et al., 1980 ) the above hypothesis cannot yet be confirmed. Verification awaits an analysis of the ratio of aloricate ciliate concentration to tintinnid concentration as a function of water column mixing intensity. Since aloricate ciliates are not as dependent on turbulence for maintenance of water column position as are their heavier relatives, their abundance should increase relative to the tintinnids, in low turbulence environments. Table 5 . Measurements of width (oral diameter, OD) and length (pm) for all tintinnids encountered in this study. Lorica volume calculated assuming a half ellipsoid shape. Animal volume assumed to be equal to half the lorica volume with a specific weight of 1 (Beers and Stewart, 1969; Hedin, 1976) . Dry weight assumed to equal 2 0 % wet weight (Cushing et al., 1958) 
Relative Importance of Tintinnid and Copepod Ingestion
A first approximate comparison of the yearly ingestion rate of the tintinnids and copepods of central Long Island Sound can be made, using tintinnid abundance data presented in this study (Table 1 ) and the abundance data for copepods in central Long Island Sound presented by Deevey (1956: Figs. 3 and 5) . To accomplish this, a year was broken up into 4 seasons as follows: winter including December, January and February (total of 90 d); spring including March, April and May (total of 92 d); summer including June, July and August (total of 92 d); fall including September, October and November (total of 91 d). Individual species concentrations were averaged over each 3 mo season to give an average season abundance value per species per m3 (Table 3 for copepods, Table 4 for tintinnids). Ingestion rates were then assigned to each species.
Data on copepod ingestion rates, based on particle volume food concentrations found in this study, were extracted from O'Connors et al. (1976) for Acartia clausi, from the data of Capriulo and Ninivaggi (1982) for Acartia tonsa, from O' Connors et al. (1980) for Temora longicornis and from Mayzaud and Poulet (1978) for Oithona sp. and Pseudocalanus minutus.
Ingestion rates for Paracalanus crassirostris, a copepod similar in size to Oithona similis, were estimates from rates reported for 0, similis by Mayzaud and Poulet (1978) . Tintinnid ingestion rates were taken from the weight specific ingestion rate versus dry body weight regression equation of Fig. 21 of Capriulo (1982) . Tintinnid body weights were taken from the calculated weights of Table 5 . It was assumed that dry weight is equal to 20 % wet weight and that specific weight is equal to 1 (Cushing et al., 1958; Beers and Stewart, 1969; Hedin, 1976) . Appropriate ingestion rates are presented in Table 3 for copepods and in Table 4 for tintinnids.
Daily ingestion rates for all species studied were summed for each season and then multiplied by the number of days corresponding to that season. Summation of the 4 seasonal totals was then carried out (Tables 3 and 4 for copepods and tintinnids, respectively). Comparison of the yearly totals, 2.8 X 1014 urn pm3 ingested per m3 for copepods and 1.7 X 1 0 '~~m~ per m3 for tintinnids, demonstrates that both groups are removing the same order of magnitude amount of food and in fact differ by only a factor of 1.6. Conversion of these estimates to units of carbon (using conversion of Parsons et al., 1967) indicates that about 9.2 and 15 g C m-3yr-' are being removed by the tintinnids and copepods of central Long Island Sound. Riley's esti-m a t e (1956) of Long Island Sound's primary production (currently t h e best available estimate) suggests a rate of 34 g C fixed m-3 yr-' (assuming a 6 m euphotic zone; Capriulo a n d Carpenter, 1980). Thus, t h e tintinnids a n d copepods of central Long Island Sound a r e removing a b o u t 27 % a n d 44 % of t h e a n n u a l primary production, respectively.
It should b e pointed out that Tintinnidium fluviatile, a t times during t h e s u m m e r q u i t e a b u n d a n t , w a s not included i n these calculations since poor preservation prevented estimation of precise numerical a b u n d a n c e .
Inclusion of this large-sized species i n t h e a b o v e calculations would h a v e raised t h e yearly ingestion estimate for t h e t i n t i m i d s . Also, naupliar s t a g e copepods w e r e not considered i n t h e a b o v e estimates, nor w e r e cilia t e~ other t h a n tintinnids (which a t times reach concentrations a s h i g h as 50000 1-' in Long Island Sound surface waters; McManus, unpubl). Lastly, differences exist in t h e methods of collection of t h e tintinnids a n d copepods for a b u n d a n c e estimates. Tintinnids w e r e collected in 10-1 Niskin bottles while copepods w e r e collected i n vertical tows. H o w these differences in s a m p l e collection might alter t h e a b o v e estimates of yearly ingestion is presently unknown. Unpublished d a t a of G. M c M a n u s does, however, indicate that tintinnids a r e approximately uniformly distributed with d e p t h i n central Long Island Sound.
T h e s e findings demonstrate that tintinnids a r e a major herbivore g r o u p i n central Long Island S o u n d ; they confirm, for a yearly cycle, t h e findings of C a priulo a n d Carpenter (1980) that ingestion of phytoplankton b y tintinnids is significant relative to t h e copepod ingestion rate.
